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Abstract 
Coaxial Electrospinning of Sulfur-Polyaniline Core-Shell Submicron Fibers for Use as a 
Cathode in Lithium-Sulfur Batteries 
Christopher A. DelRe 
Vibha Kalra, Ph.D. 
 
 
 Lithium-sulfur batteries possess the potential to significantly improve upon 
current commercialized battery technology. To produce viable cathodes for lithium-sulfur 
batteries, sulfur must be encapsulated in an electrically conducting network. This study 
demonstrated that through the facile synthesis technique of coaxial electrospinning, sulfur 
could be encapsulated by polyaniline, an electrically conducting polymer. Although 
cathodes fabricated with these electrospun fibers have yet to achieve electrochemical 
performance demonstrated in literature, the material has exhibited promising performance 
that can be substantially improved by optimizing the cathode manufacturing process. A 
promising alternative application – using electrospun polyaniline fibers of high purity as 
the electrode material for a supercapacitor – was explored as a direct result of the 
advances made during this project. 
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Chapter 1: Introduction 
 
1.1 Motivation 
 Battery technology must improve in order to meet the increasing energy demands 
that stem from technological advancements in electronic devices and applications, which 
are occurring at a rapidly increasing rate. Portable electronic devices and smart grids are 
two common examples of applications that require enhanced battery technology. [1] 
Improving battery technology can also positively benefit the environment. As batteries 
with higher energy densities are developed, electric vehicles will become more 
commercially viable, which will reduce society’s dependence on gasoline-operated 
vehicles and in turn reduce the carbon emissions associated with such vehicles. Thus, the 
importance of developing improved batteries is clear; such an endeavor would have a 
beneficial effect for many different technological applications. 
 
1.2 Operating Principles of Rechargeable Batteries 
 A significant amount of resources are currently being devoted to developing new 
energy supplies that are cheap, powerful, and sustainable. The improvement of 
rechargeable battery technology has the possibility of satisfying all three of those 
conditions. Batteries consist of two electrodes with different chemical potentials 
separated by an electrolyte, which is ionically conductive. When an external load is 
applied to connect the two electrodes, electrons spontaneously flow from the anode to the 
cathode. [2] The ions diffuse through the electrolyte in order to maintain charge balance, 
resulting in the acquisition of electrical energy by the external circuit. [3] For rechargeable 
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batteries, electrons flow back from the cathode to the anode when a voltage is applied in 
the opposite direction, causing the battery to recharge. A schematic of the discharge 
process in a general rechargeable battery is displayed in Figure 1. 
 
	  
Figure 1: Schematic of discharge in a general rechargeable battery [2] 
	  
 The performance of a battery depends strictly on the battery’s chemical 
composition. The theoretical capacity of the cell contained in a battery is defined as “the 
total quantity of electricity (in ampere-hours) involved in the electrochemical reaction” 
that takes place within the battery. [2] It is possible to calculate the theoretical capacity by 
utilizing the materials’ gram-equivalent weight, which is the molecular weight of the 
active material in grams divided by the total number of electrons involved in the reaction. 
One gram-equivalent of any material delivers 26.8 ampere-hours. The theoretical specific 
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energy of a cell is just the capacity multiplied by the standard potential, or voltage, of the 
cell. [2] 
 It is useful to analyze the theoretical capacity of cells when comparing different 
materials for possible use as electrodes in a battery; however, the theoretical capacity is 
never fully achieved in practice. There are several contributing factors for the reduction 
from the theoretical to practical capacity. In addition to the reactive components of the 
electrode, nonreactive materials – electrolyte, separators, and nonreactive electrode 
components, for instance – are necessary for adequate battery operation. These 
nonreactive materials add weight to the battery and thus reduce the capacity of the cell. 
Furthermore, the active electrode materials are not typically stoichiometrically balanced. 
The excess amount of one of the active materials reduces the capacity. Finally, the battery 
usually does not discharge completely to zero volts, which reduces the amount of 
electricity delivered by the battery. [2]  
 
1.3 Lithium-Sulfur Batteries 
1.3.1 Electrochemical Performance 
 Rechargeable batteries, also known as secondary batteries, can be composed of 
various different electrode materials. Currently, lithium-ion batteries are the most widely 
utilized batteries in expensive and intricate electronic applications because of their 
relatively large specific energy. [3] Other types of rechargeable batteries, including lead-
acid and nickel-metal hydride batteries, possess smaller specific energies than lithium-ion 
batteries, as displayed in Figure 2.  
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Figure 2: Comparison of the specific energy of several different types of batteries [2] 
	  
 Lithium-ion batteries typically comprise a lithium-graphite (LixC6) anode and a 
lithium-transition metal-oxide (Li1-xTO2) cathode. The battery’s name stems from the 
main electrochemical mechanism: Li+ ions are exchanged across the electrolyte between 
the anode and the cathode. While they do possess the largest specific energy of any class 
of commercialized rechargeable batteries, the electrochemical performance of current 
lithium-ion batteries is currently limited by the capacity of the cathode materials. [4] The 
primary limiting factor in current lithium-ion batteries is “the extent of lithium 
intercalation into transition metal oxides.” [5] Therefore, developing improved cathodes 
that optimize usage of the active material will substantially improve the performance of 
lithium-based batteries. Furthermore, exploiting other cathode chemistries and reaction 
mechanisms is critical in overcoming the limitations of current battery technology.   
 Lithium-sulfur batteries exhibit the possibility to significantly improve on existing 
rechargeable battery technology because of the impressive electrochemical characteristics 
of sulfur. Assuming a full conversion of the lithium and sulfur reactants to Li2S yields a 
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theoretical specific energy and specific capacity of 2600 Wh/kg and 1672 mAh/g, 
respectively. In comparison, lithium-ion batteries possess theoretical specific energies and 
specific capacities that range from 425-890 Wh/kg and 225-412 mAh/g, respectively, 
depending on the active cathode material. [5] The reason for the superior theoretical 
performance of lithium-sulfur will be explored in the proceeding section. The 
characteristics of four different rechargeable lithium-ion batteries and a rechargeable 
lithium-sulfur battery are displayed in Table 1. A graphical representation comparing the 
theoretical energy of lithium-sulfur batteries to the practical, obtainable energy of current 
lithium-ion batteries is displayed in Figure 3.  
 
Table 1: Electrochemical characteristics of four different lithium-ion batteries and general lithium-
sulfur batteries [5] 
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Figure 3: Theoretical specific energy and energy density of current lithium-ion batteries (blue) and 
lithium-sulfur batteries (green) [6] 
  
1.3.2 Operating Principles 
 Typical lithium-sulfur batteries comprise a lithium metal anode and a sulfur 
composite cathode separated by an organic electrolyte, as displayed in Figure 4. [7] The 
cathode cannot be made entirely of sulfur because sulfur is electrically insulating; 
therefore, an electrically conducting material must be incorporated and well dispersed 
with sulfur in the cathode. [5] While the battery is discharging, the lithium anode is 
oxidized, producing electrons and lithium ions. The lithium ions diffuse across the 
electrolyte while the electrons travel through an external circuit to the cathode. The 
lithium ions and electrons reduce sulfur at the cathode to produce lithium sulfide. The 
overall discharge reaction is provided below in Equation 1; however, several different 
lithium polysulfide intermediates with the formula Li2Sx (8 ≤ x ≤ 3) form throughout the 
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reaction mechanism. [8] The consequences of these polysulfides are discussed in the 
proceeding section. During charge, the reverse processes and reactions occur. [7] 
 
	  
Figure 4: Schematic of the configuration and operation of lithium-sulfur batteries [7] 
 
 (1) 
 
 The reason for lithium-sulfur batteries’ superior electrochemical performance 
compared to that of lithium-ion batteries stems from the chemistry of the respective cells. 
The lithium-sulfur reaction incorporates two electrons for every one sulfur atom in the 
cathode; in contrast, most lithium-ion reactions incorporate one or even less than one 
electron per transition metal atom in the cathode. [7] In addition, lithium-sulfur batteries 
employ lithium metal as the anode, which possesses a much greater specific capacity than 
the lithium-graphite composites typically utilized in lithium-ion batteries.  
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1.3.3 Challenges of Lithium-Sulfur Batteries 
 Despite having a substantially greater theoretical energy density than lithium-ion 
batteries, as demonstrated in the preceding sections, lithium-sulfur batteries have yet to 
be commercialized because the practical achievable energy density has been limited so 
far. There are two primary challenges that engineers and scientists face when fabricating 
lithium-sulfur batteries. First, sulfur is an inherently insulating element, possessing an 
electrical conductivity on the order of 5 x 10-30 S/cm. The insulating nature of sulfur 
prevents electrons from flowing easily at the cathode, which “leads to low 
electrochemical utilization and limited rate capability.” [6] The second issue involves the 
reaction mechanism of the lithium-sulfur reaction. As previously mentioned, lithium 
polysulfide intermediates form during the early stages of the discharge reaction between 
lithium and sulfur. While the primary product of the lithium-sulfur reaction – lithium 
sulfide, or Li2S – is generally insoluble, the intermediate polysulfides are highly soluble 
in most organic electrolytes. [6] When the dissolution occurs, polysulfide anions can 
diffuse through the separator and deposit on the lithium metal anode, a phenomenon 
known as polysulfide shuttling. [9] This has two main negative consequences on the 
battery’s performance: sulfur is lost from the cathode and the anions can chemically react 
with lithium metal, causing corrosion of the anode or self-discharge of the battery. These 
consequences reduce the capacity and cyclability of the battery and thus must be 
addressed in order to obtain a viable lithium-sulfur battery.  
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1.3.4 Current State of Polymer-Sulfur Composite Cathodes  
  The two issues outlined above can be mitigated by utilizing a composite material 
for the cathode. For instance, an electrically conducting material can be mixed with sulfur 
in order to facilitate electron transport at the cathode. Sulfur can also be physically 
encapsulated to minimize polysulfide shuttling in lithium-sulfur batteries. If the layer 
used to encapsulate sulfur is permeable to lithium ions but impermeable to polysulfide 
intermediates, the lithium-sulfur reaction can theoretically take place entirely within a 
shell while preventing diffusion of the polysulfides across the electrolyte to the anode.  
 Despite the many differences that exist among cathodes used in lithium-sulfur 
batteries, conductive carbon – usually in the form of carbon black powder – is always 
utilized. [10] The battery cannot properly function without an electrically conducting 
cathode, and carbon is utilized in the cathode because of its high electrical conductivity 
and electrochemical affinity for sulfur. [8] However, simply mixing sulfur and carbon 
powder together does not produce a viable cathode. The polysulfide intermediates are 
directly exposed to the electrolyte in this scenario, and polysulfide shuttling substantially 
inhibits the cyclability of the battery. Researchers have employed various different 
materials and techniques in an attempt to encapsulate sulfur, which would reduce 
polysulfide shuttling and in turn significantly improve the cyclability of a lithium-sulfur. 
In many cases, electrically conducting polymers are utilized. These polymers exhibit an 
electrical conductivity that is several orders of magnitude lower than carbon, which 
prevents them from being the primary electron conductor in the cathode; however, 
polymers allow for enhanced morphological control and material design within the 
cathode. [8] Electrically conducting polymers can effectively encapsulate or trap sulfur 
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while still providing electrical contact with carbon in the cathode matrix, making them 
attractive options for use in a lithium-sulfur cathode. 
 Polyaniline is an electrically conducting polymer that has been widely explored as 
a potential cathode material in lithium-sulfur batteries. Li et al. demonstrated that a 
sulfur-carbon composite encapsulated by polyaniline was an effective cathode material. 
[11] Sulfur and carbon black were mixed in a ball mill and then compressed into pellets. 
Aniline monomer was polymerized in a solution containing the pellets, creating particles 
with a sulfur/carbon black core and a polyaniline shell. A schematic of these polyaniline-
coated particles is displayed in Figure 5. The battery constructed with polyaniline-coated 
particles exhibited a slightly greater capacity than that which utilized the uncoated 
particles – 883.5 mAh/g versus 820.4 mAh/g for a 1C rate (1C = 1680 mA per gram of 
sulfur), respectively. This indicates that the polyaniline coating improved the active-
sulfur utilization. The authors attributed this increase in active-sulfur utilization, or the 
amount of sulfur that is actually involved in the discharge process, to the formation of a 
conductive network associated with the addition of polyaniline. The polyaniline-coated 
composite also resulted in a capacity retention of 596 mAh/g over 100 cycles, which was 
substantially greater than the capacity retention of the uncoated composite (330.6 mAh/g 
over 100 cycles). The enhanced capacity retention over time stems from the physical 
encapsulation of sulfur.  
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Figure 5: Schematic of sulfur and carbon physically encapsulated by polyaniline [11] 
 
 Wu et al. also encapsulated sulfur with polyaniline, although the carbon source in 
their cathode was multi-walled carbon nanotubes (MWCNTs) instead of carbon black. [12] 
Similar to the previous example, sulfur and MWCNTs were mixed in a ball mill, which 
was followed by polymerization of aniline on the sulfur/MWCNT. Again, the battery 
fabricated with the polyaniline-coated sulfur/MWCNT powder resulted in a greater initial 
capacity than that of the battery made with uncoated powder – 1334.5 mAh/g compared 
to 958.4 mAh/g for a C/16 rate, respectively. It should be noted that while these capacity 
values are very large, the electrochemical performance of a battery increases as the rate 
of discharge decreases. A C/16 rate is extremely small and impractical for realistic 
battery applications. For a battery fabricated using the same polyaniline-coated 
sulfur/MWCNT composite as a cathode but discharged at a 1C rate, the initial capacity 
was approximately 650 mAh/g. Therefore, it is important to note the discharge rate when 
comparing battery performance. The capacity retention of the coated powder over 80 
cycles ranged from 74.5% - 93.5% depending on the discharge rate, which was a marked 
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improvement on the retention exhibited by the uncoated powder. The increased capacity 
retention was due to the trapping of polysulfides in the polyaniline shell, which mitigates 
polysulfide shuttling.  
 Physical encapsulation of sulfur with polyaniline is not the only method that can 
be employed to trap polysulfides. Zhou et al. polymerized aniline monomer onto 
spherical sulfur particles. [13] However, after the particles were coated, they were heat-
treated at 180 °C in order to induce vulcanization. During the heat treatment, most of the 
sulfur chemically reacted with polyaniline while some sulfur vaporized and escaped 
through the shell. This process resulted in a yolk-shell structure rather than a core-shell 
structure – that is, there was some void space in the core of the polyaniline-coated 
particles. The authors believe that the void space in the particles enhanced the cathode’s 
performance since it left space for expansion during the lithium-sulfur reaction. A 
schematic and electron micrograph of the two different particles and their respective 
electrochemical performance is displayed in Figure 6. The yolk-shell particles resulted in 
better capacity retention than the core shell particles, which can be attributed to the 
enhanced sulfur encapsulation of the yolk-shell particles via vulcanization.  
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Figure 6: Schematic, electron micrograph, and electrochemical performance of sulfur-polyaniline 
core-shell (top) and yolk-shell (bottom) particles [13] 
 
 Xiao et al. also utilized vulcanization to improve capacity retention. [14] 
Polyaniline was deposited onto carbon nanotubes, which were then mixed with sulfur and 
heat-treated at 280 °C. The polymer provided an electrically conductive matrix as well as 
both a strong physical and chemical encapsulation of sulfur. Although the initial 
discharge capacity was relatively low (511 mAh/g for a 1C rate), the authors were able to 
obtain a 76% capacity retention over 500 cycles. The long-term stability of the battery 
was attributed to the chemical stability of the vulcanized material in the cathode.  
 Polyaniline is not the only polymer utilized in lithium-sulfur cathodes. Li et al. 
coated sulfur with polyvinylpyrrolidone (PVP) to obtain sulfur-coated nanospheres. [15] 
The polymer uniformly coated sulfur particles that were precipitated out of a reaction. 
The nanospheres were then dried and mixed with carbon black for use as a cathode. The 
authors obtained an initial capacity of 1,018 mAh/g and a capacity retention of 77.6% 
over 300 cycles for a C/5 discharge rate. The authors further modified the surface of the 
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nanospheres with poly(3,4-ethylenedioxythiophene), an electrically conducting polymer, 
and obtained even greater electrochemical performance (1140 mAh/g for a C/5 discharge 
rate).  
 Wang et al. reacted polyacrylonitrile (PAN) and elemental sulfur at 300 °C. [16] 
While PAN is typically electrically insulating, the –CN functional groups on the polymer 
cyclize at elevated temperatures to form an electrically conducting polymer backbone. 
The elemental sulfur was uniformly dispersed and physically embedded within the 
polymer, which can be seen in the TEM image in Figure 7. The authors then mixed the 
PAN-sulfur composite with carbon black and tested the composite as a cathode. They 
obtained an initial discharge capacity of 850 mAh/g and a capacity retention of 
approximately 70% over 50 cycles for a C/20 rate. The authors attribute the relatively 
low initial capacity to the low sulfur loading within the polymer – that is, they were only 
able to obtain a composite that was 53.41 wt.% sulfur. 
 
	  
Figure 7: TEM image showing the encapsulation and uniform distribution of sulfur in PAN [16] 
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 Finally, Zhang et al. synthesized a sulfur/polypyrrole nanocomposite material by 
polymerizing pyrrole monomer and mixing the resulting electrically conducting polymer 
with elemental sulfur via ball milling. [17] Unlike the other works previously described, 
the authors did not encapsulate sulfur but simply mixed it with a conducting polymer, 
relying on physical entrapment of sulfur within the pores of the polymer. While the initial 
discharge capacity was relatively large – approximately 1050 mAh/g for a C/16 rate – the 
capacity retention was poor – after 50 cycles, the battery’s capacity fell more than 50% to 
500 mAh/g. This substantial loss in capacity can be attributed to the polysulfide shuttling 
effect, which stems from the lack of physical sulfur encapsulation. 	   	  
1.3.5 Flaws and Limitations of Current Lithium-Sulfur Cathodes 
 While the previously described materials and techniques used to fabricate lithium-
sulfur cathodes have shown promise, they also possess several flaws or limitations. Many 
of the materials synthesis techniques involve several steps, many of which are extremely 
intricate, time-consuming, or involve harsh conditions such as extremely high 
temperature or pressure. These steps increase the amount of time, resources, and money 
required to develop the cathode. In addition, the values currently cited in literature are 
still just a fraction of the theoretical capacity of the lithium-sulfur reaction. Thus, new 
synthesis techniques or materials must be investigated in order to improve the 
performance of lithium-sulfur batteries.  
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1.4 Electrospinning 
 Based on the limitations discussed above, we hypothesized that coaxial 
electrospinning would be a viable method to synthesize a core-shell sulfur-polyaniline 
composite for use as the active cathode material in a lithium-sulfur cathode. Before 
describing the details of this project, however, it is crucial to first explain the general 
mechanism and parameters involved with electrospinning.  
 
1.4.1 Introduction to Electrospinning 
 Electrospinning is a desirable fabrication technique because of the simplicity of 
the setup. As displayed in Figure 8, the three primary components of an electrospinning 
setup are “a high-voltage power supply, a spinneret (a metallic needle), and a collector (a 
grounded conductor).” [18] The spinneret is connected to the end of a syringe that contains 
a polymer solution. The solution is pumped at a fixed volumetric flow rate by a syringe 
pump. A high voltage in – the range of 1 to 30 kV – is then applied to the spinneret, 
resulting in an even distribution of electric charge over the surface of the polymer 
pendant drop at the spinneret tip. The drop then experiences electrostatic repulsion of the 
surface charges and a Coulombic force exerted by the electric field. [18] The drop at the 
spinneret tip elongates as the intensity of the applied electric field is increased, which 
results in the formation of a conical surface known as a Taylor cone. [19] When the force 
of the external electric field surpasses a threshold value, the surface tension of the 
polymer solution is overcome by the electrostatic forces and a charged liquid jet 
comprising the polymer solution is ejected from the Taylor cone tip. The solvent 
evaporates as the jet travels through the air, resulting in polymer fibers that are then 
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collected on a grounded collector plate at a fixed distance from the spinneret tip. The 
fibers are typically deposited on the collector plate in a nonwoven manner – that is, the 
resulting polymer mat is composed of randomly oriented fibers. [19] 
 
	  
Figure 8: Schematic of a conventional electrospinning setup [18] 
	  
 Despite the simplicity of its setup, the electrospinning mechanism is complex. It 
was initially thought that the formation of nanofibers was the result of the electrically 
charged jet splitting into several jets due to the repulsion among the surface charges. [18] 
However, high-speed photography allowed researchers to disprove this theory. 
Photographs taken at high speeds of a jet undergoing electrospinning are presented in 
Figure 9. It is obvious from these images that the jet is initially a straight line and 
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becomes unstable at some point during the electrospinning process. The single jet then 
undergoes a rapid whipping motion when it becomes unstable. The instability of the 
electrically charged jet, known primarily as bending or whipping instability, is attributed 
to the “electrostatic interactions between the external electric field and the surface 
charges on the jet.” [18]  
 
	  
Figure 9: High-speed photographs of a polymer jet undergoing electrospinning taken at A) 4 
microseconds and B) 18 nanoseconds [18] 	  
 Another benefit of electrospinning, besides the simplicity of operating the 
technique, is that the morphology and diameter of the generated fibers is easily 
modulated by several parameters of the electrospinning process. Beachley and Wen 
analyzed the statistical significance of the effect of various parameters on the diameter of 
polycaprolactone electrospun fibers. [20] The authors found that polymer concentration 
and applied voltage had significant effects on the diameter of the fibers – fiber diameter 
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increased with increasing polymer concentration and decreased with increasing applied 
voltage. In addition, the authors analyzed the effect of salt addition to the polymer 
solution on the morphology of the electrospun fibers. It was found that the addition of a 
small concentration of sodium chloride (0.06 wt.%) to the polymer solution effectively 
removed all presence of beads among the fibers, enhancing the quality of the fibers. 
Without the addition of the salt, the polycaprolactone fibers exhibited a beads-on-a-string 
morphology, as displayed in Figure 10. This result is in agreement with other published 
sources and can be attributed to the increase of solution conductivity and surface charge 
density of the solution jet, according to the authors. [20]  
 
	  
Figure 10: Polycaprolactone electrospun fibers A) with the addition of salt and B) without the 
addition of salt [20] 	  
 Yordem et al. studied the effects of electrospinning parameters on the diameter 
and morphology of polyacrylonitrile fibers. [21] The authors found that the most dominant 
factor for the variation of fiber diameter is molecular weight – an increase in molecular 
weight corresponds to an increase in fiber diameter. Polymer chain entanglements in a 
solution increase with increasing molecular weight, and since “it is the stretching of the 
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polymer solution that preserves a continuous solution jet to form fibers,” it was expected 
that the fiber diameter would scale with molecular weight. [21] The authors also found that 
polymer concentration and collector plate distance were directly and inversely 
proportional to fiber diameter, respectively. Finally, the authors demonstrated that some 
parameters have interactive effects. For instance, when the polymer concentration was 
high, the applied voltage had no statistically significant effect on fiber diameter; however, 
the applied voltage did have an effect at lower and intermediate concentrations. [21]  
 Jacobs et al. conducted a similar statistical analysis to those presented above by 
altering several parameters while electrospinning polyethylene oxide fibers. [22] Similar to 
the two studies previously discussed, the authors found that fiber diameter increases with 
both increasing polymer concentration and molecular weight because of the chain 
entanglement effect – a polymer solution with a significant amount of chain 
entanglements possesses a greater resistance to being stretched during electrospinning, 
resulting in fibers with larger diameters. The authors found that molecular weight affects 
morphology in addition to fiber diameter. As previously mentioned, a polymer solution 
exhibits more chain entanglements as the molecular weight of the polymer increases. The 
“entanglements determine the stability of the jet and prevent formation of droplets 
thereby controlling morphology of resultant nanofibers, i.e., formation of beads or 
smooth fibers.” [22] The effect of molecular weight on the morphology of polyethylene 
oxide electrospun fibers – that the presence of beads is reduced as molecular weight 
increases – is displayed in Figure 11. The authors also found that applied voltage is 
inversely proportional to fiber diameter, which is also in agreement with the studies 
described above. Finally, the authors studied the effect of polyelectrolyte addition to the 
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polymer solution. A polyelectrolyte “is a macromolecule that upon being placed in water 
or in any other ionizing solvent dissociates into highly charged polymeric molecules.” [22] 
Polyelectrolytes are therefore very similar to salts, and it was observed in this study that 
they have the same effect on fiber morphology – that is, the addition of a small amount of 
either polyacrylic acid or polyallylamine hydrochloride, which are both polyelectrolytes, 
eliminated the presence of beads among the electrospun polyethylene oxide fibers. Fong 
et al. also studied electrospun polyethylene oxide fibers and found that flow rate is 
directly proportional to fiber diameter, which is in agreement with other literature 
sources. [23] [24]  
 
	  
Figure 11: SEM images demonstrating the effect of concentration and molecular weight on the 
morphology of polyethylene oxide electrospun fibers [22] 
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 Table 2, presented below, provides a summary of the effect specific 
electrospinning parameters have on electrospun fiber diameter or morphology.  
 
Table 2: Summary of how electrospinning parameters typically affect fiber characteristics 
Electrospinning	  
Parameter	  
Fiber	  Characteristic	  
Affected	  
Effect	  of	  Increasing	  the	  
Parameter	  Polymer	  Concentration	   Diameter	   Increases	  Diameter	  Applied	  Voltage	   Diameter	   Decreases	  Diameter	  Collector	  Plate	  Distance	   Diameter	   Decreases	  Diameter	  Polymer	  Molecular	  Weight	   Diameter	   Increases	  Diameter	  Flow	  Rate	   Diameter	   Increases	  Diameter	  Polymer	  Molecular	  Weight	   Morphology	   Reduces	  Presence	  of	  Beads	  Salt	  Addition	   Morphology	   Reduces	  Presence	  of	  Beads	  
 
 
 
1.4.2 Coaxial Electrospinning 
 The electrospinning method described in the preceding section generally results in 
the synthesis of fibers comprising one material; however, alterations can be made to the 
setup to incorporate additional materials into the fibers. For instance, coaxial 
electrospinning is a common technique utilized to fabricate fibers with a core-shell 
morphology. These composite fibers are desirable because they allow researchers to 
combine the attractive mechanical, electrical, or thermal properties of two or more 
materials into one core-shell fiber. [25] Coaxial electrospinning is a fairly new method – 
the viability of this specific technique to generate core-shell composites was first 
demonstrated in 2002 by Loscertales et al. when they established the possibility of 
generating a stable core-shell Taylor cone, as displayed in Figure 12. [26]  	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Figure 12: Photographic images showing a core-shell A) Taylor cone at the spinneret tip and B) jet 
further downstream in the electrospinning process [26] 	  
 The coaxial electrospinning setup, a schematic of which is presented in Figure 13, 
is nearly identical to that of the conventional, or monoaxial, setup described in the 
preceding section. The only difference between the two techniques is that the former 
utilizes a multi-channel spinneret. During coaxial electrospinning, two solutions are 
pumped simultaneously and do not make contact with each other until they meet at the 
spinneret tip. Coaxial electrospinning is affected by the same parameters that influence 
conventional electrospinning; for instance, Diaz et al. demonstrated that the diameter of 
the core in resulting coaxially electrospun fibers could be controlled by the flow rate of 
the inner solution. [27] However, additional considerations introduced by the interactions 
of the two solutions complicate the coaxial electrospinning technique. For instance, 
immiscibility between the two solvents and the additional stress imposed on the droplet 
as a result of the disparate viscosities can potentially inhibit fiber formation. [25] The two 
solutions might also behave differently at a given voltage – one solution might form an 
unstable jet while the other forms a stable jet, for instance – which is another 
complication inherent in the coaxial electrospinning technique.  
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Figure 13: Schematic of the coaxial electrospinning method [25] 
	  
 One of the most attractive features of coaxial electrospinning is that the core 
solution does not have to be electrospinnable on its own – that is, the outer solution 
drives the coaxial electrospinning process and can encapsulate nonspinnable materials 
such as metallic or ceramic particles or polymers that are not electrospinnable on their 
own. [28] Many research groups have applied coaxial electrospinning to synthesize new 
materials for lithium-ion batteries. Lee et al. coaxially electrospun silicon core/carbon 
shell nanofibers. The authors utilized polyacrylonitrile (PAN), an electrospinnable 
polymer, as the outer solution polymer and styrene-co-acrylonitrile (SAN) with silicon 
nanoparticles as the inner solution material. [29] After the nanofibers were electrospun, the 
mat was heat treated at 1000°C. This heat treatment burned out SAN, the sacrificial 
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carrier material in the core, and carbonized PAN, which allowed the authors to obtain 
silicon core/carbon shell nanofibers. The resulting nanofibers exhibited good 
electrochemical performance as the anode in a lithium-ion battery because the silicon was 
well encapsulated and the carbon shell was an electrical conductor.  
 Hwang et al. followed a similar procedure to the previous example – the authors 
obtained silicon core/carbon shell fibers for use as an anode in lithium-ion batteries by 
utilizing coaxial electrospinning. [30] In this work, PAN was used as the shell polymer 
while PMMA and silicon nanoparticles were incorporated in the inner solution. PMMA 
was burned out of the core upon the carbonization heat treatment, which resulted in the 
aforementioned silicon core/carbon shell fibers. These fibers also exhibited good 
electrochemical performance in a lithium-ion battery. A schematic of the procedure 
utilized by Hwang et al. is provided in Figure 14 in order to elucidate the coaxial 
electrospinning and carbonization process.  
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Figure 14: Schematic of the A) encapsulation of silicon nanoparticles in an electrospun fiber and B) 
carbonization of the polymer shell [30] 	  	  
 Liu et al. utilized coaxial carbon nanofibers for use as a lithium-ion anode. [31] In 
this work, pure mineral oil was used as the inner solution while PAN was used as the 
outer solution polymer. The resulting coaxially electrospun fibers were carbonized, which 
allowed the mineral oil to decompose into amorphous soft carbon. The soft carbon 
core/hard carbon shell possessed enhanced electrochemical performance over typical 
carbon nanofiber-based electrodes, which the authors attributed to the mechanical 
stability provided by the coaxial structure. [31] This example also demonstrates that 
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materials that are not electrospinnable on their own, such as mineral oil, can be 
incorporated in fibers by utilizing them as the inner solution in coaxial electrospinning.  
 Energy is not the only application for coaxially electrospun fibers – many groups 
have utilized the technique to encapsulate biological materials in polymer nanofibers. 
Jiang et al. utilized coaxial electrospinning to synthesize polymeric fibers for controlled 
protein release. [32] The authors encapsulated two different proteins in a polycaprolactone 
shell. In order to enhance the electrospinnability of the system, polyethylene oxide was 
added to the core solution. The authors were able to control the release of the proteins by 
adjusting the flow rate of the inner solution, thereby altering the diameter of the core and, 
in turn, the protein loading in the nanofibers. This example illustrates the simplicity of 
altering the relative composition of a composite material by coaxial electrospinning. 
Other examples of coaxially electrospun nanofibers utilized in biological applications 
include polymer fibers coated with enzymes and encapsulated drugs for sustained drug 
delivery. [33] [34] 
 In providing the numerous examples of coaxial electrospinning above, we hope to 
have demonstrated the viability of coaxially electrospinning sulfur core/polyaniline shell 
fibers. Before providing the results from our study, it is crucial to outline the 
considerations involved with electrospinning polyaniline.  
 
1.4.3 Electrospinning Polyaniline: Challenges 
 Polyaniline belongs to a class of materials known as intrinsically conducting 
polymers – that is, “it possesses the electrical… properties of a metal while retaining the 
mechanical properties, processibility, etc. commonly associated with a conventional 
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polymer.” [35] Polyaniline can exist in three different oxidation states: leucoemeraldine 
(completely reduced), emeraldine (half-oxidized), and pernigraniline (completely 
oxidized), as displayed in Figure 15. The most highly conducting form of polyaniline can 
be obtained by doping the emeraldine base with an acid, resulting in complete 
protonation of the imine nitrogen atoms in the polymer’s backbone. The vast research 
interest in polyaniline stems from its electrical conductivity, which is in the metallic 
conducting regime (~1-104 S/cm) when the polymer is in its doped emeraldine state. [35]   
 
 
 
	  
Figure 15: Oxidation states of polyaniline: leucoemeraldine (top), emeraldine (middle), and 
pernigraniline (bottom) [35] 	  	  
 The primary challenge regarding polyaniline is that it is an extremely difficult 
polymer to process. For instance, polyaniline is not electrospinnable on its own. This is 
the consequence of several contributing factors, all of which involve chain 
entanglements. The high aromaticity of the polymer results in a very rigid backbone, so 
polyaniline solutions generally possess low elasticity. [36] In addition, polyaniline 
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possesses very limited solubility in most organic solvents, making it difficult to obtain a 
polyaniline solution with adequate viscosity for electrospinning. [37] Finally, the polymer 
is typically only available in low molecular weight forms, which also prevents the chains 
from experiencing a large number of entanglements. [37]  
 There are several ways to circumvent the issues outlined above, but it seems that 
the most effective solution is to mix an electrospinnable polymer with polyaniline to 
produce an electrospinnable polymer blend. Norris et al. were the first to demonstrate the 
possibility of electrospinning polyaniline by utilizing a polyaniline/polyethylene oxide 
blend. [38] First, the authors established that polyethylene oxide with a molecular weight 
of 900,000 g/mole was electrospinnable on its own when dissolved in chloroform. They 
then produced a camphorsulfonic-doped polyaniline/polyethylene oxide blend in an 
attempt to synthesize electrospun fibers. It was found that without blending polyethylene 
oxide, the viscosity of the doped polyaniline solution was too low to maintain a stable 
drop at the tip of the spinneret. The viscosity of the solution could not be increased by 
adding more polyaniline because it has a low solubility in chloroform. When the 
concentration of polyethylene oxide surpassed a threshold value, electrospun fibers were 
produced. The authors found that the electrical conductivity of the fibers increased with 
an increasing polyaniline:polyethylene oxide ratio, which is expected since doped 
polyaniline is electrically conducting and polyethylene oxide is insulating. This result, 
which is crucial for our study because it suggests that the electrical conductivity of 
electrospun polyaniline fibers can be increased even further with a reduction in the 
concentration of the additional blended polymer, is displayed in Figure 16.  
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Figure 16: Variation of the electrical conductivity of polyaniline/polyethylene oxide electrospun 
fibers with polyaniline (denoted as PAn.HCSA):polyethylene oxide ratio [38] 
	  
 	  
 Zhang and Rutledge followed up on the results obtained by Norris et al. by 
analyzing the effect of the blended polymer on the conductivity of electrospun 
polyaniline fibers. [36] Chloroform and camphorsulfonic acid were used as the solvent and 
dopant, respectively. The authors determined that polyethylene oxide and poly(methyl 
methacrylate) were two viable polymers to blend with polyaniline given their solubility 
and good electrospinnability in chloroform. They found that the fibers electrospun from 
the polyaniline/polyethylene oxide blend possessed an electrical conductivity that was an 
order of magnitude greater than those electrospun from the polyaniline/poly(methyl 
methacrylate) blend for a given weight percent of polyaniline. This was attributed to both 
the different intrinsic conductivity of polyethylene oxide and poly(methyl methacrylate) 
as well as the difference “in their degree of compatibility with polyaniline.” [36]  
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 Frontera et al. studied the effect of the polyethylene oxide:polyaniline 
concentration ratio on the diameter and morphology of the resulting electrospun fibers. 
[39] The authors utilized 600,000 g/mole polyethylene oxide throughout the study. They 
found that decreasing the polyethylene oxide concentration resulted in fibers with smaller 
diameters. They also found that at a certain polyethylene oxide:polyaniline ratio 
threshold, the electrospun fibers would go from a beaded morphology to a smooth 
morphology. This effect is attributed to the increase in viscosity of the solution with an 
increasing polyethylene oxide:polyaniline ratio, as displayed in Figure 17. Other 
polymers have been blended with polyaniline for electrospinning – for instance, Raeesi et 
al. electrospun polyaniline/polyacrylonitrile fibers that exhibited comparable electrical 
performance [40] – but polyethylene oxide seems to be the standard.  
 
	  
Figure 17: Variation of the morphology of polyaniline/polyethylene oxide electrospun fibers with 
polyethylene oxide (denoted as PEO):polyaniline (denoted as PAND) ratio [39] 
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 Because of the promising electrical properties outlined above, 
polyaniline/polyethylene oxide electrospun fibers have several different potential 
applications. Li et al. demonstrated that these fibers could be used as a gas sensor. [41] 
Ammonia adsorbs to the surface of the electrospun fibers, destroying the conduction 
pathways in the process and thus increasing the resistance of the material. Water 
molecules exhibited a similar interaction with the polyaniline/polyethylene oxide fibers, 
indicating that this material could be used as a humidity sensor as well as an ammonia 
sensor. Chaudhari et al. showed that polyaniline/polyethylene oxide electrospun fibers are 
“potential candidates for high-performance supercapacitors” based on the promising 
capacitance they exhibit. [42]   
 
1.5 Summary and Primary Project Objectives 
 It has been shown that lithium-sulfur batteries possess the theoretical 
electrochemical performance to improve upon current commercialized lithium-ion 
batteries. However, there are significant obstacles that must be overcome in order to 
develop a viable lithium-sulfur battery. The two primary challenges include the 
inherently insulating nature of sulfur and the high solubility in organic electrolytes of 
polysulfide intermediates that form during the lithium-sulfur reaction.  
 To mitigate both of these issues using a facile synthesis technique, we turned to 
coaxial electrospinning. Many research groups have encapsulated particles that are not 
electrospinnable on their own by using this technique. With this in mind, we hoped to 
synthesize sulfur core-polymer shell fibers in one step using coaxial electrospinning. The 
design requirements of this active cathode material system include an electrically 
33 	  
conductive shell, minimal shell diameter to facilitate lithium ion transport, and viable 
sulfur loading within the fibers. The shell material was chosen to be polyaniline because 
it is an electrically conducting polymer that has been demonstrated to be electrospinnable 
when blended with another polymer. The conducting shell should help to mitigate the 
electron transport issues introduced by sulfur while the physical encapsulation of sulfur 
should reduce polysulfide shuttling during the operation of the battery.   
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Chapter 2: Experimental Methods and Materials 
 
2.1 Raw Materials 
2.1.1 Electrospinning Materials  
 Polyaniline emeraldine base (100,000 g/mole), polyethylene oxide (600,000 
g/mole and 8,000,000 g/mole), camphorsulfonic acid (98%), sulfur (reagent grade, 
powder, 100 mesh particle size), and multi-walled carbon nanotubes (8-20 nm diameter) 
were purchased from Sigma Aldrich. Chloroform (99.8%) and anhydrous toluene 
(99.8%) were purchased from Alfa Aesar.  
 
2.1.2 Battery Materials 
 Bis(trifluoromethane)sulfonimide lithium salt (LITFSI), lithium 
trifluoromethanesulfonate (LICF3SO3), tetraethylene glycol dimethyl ether (TEGDME), 
dimethoxyethane (DME), N-methylpyrrolidone (NMP), and polyvinylidene fluoride 
(PVDF) binder were purchased from Sigma Aldrich. Carbon black (Super P Conductive, 
99+% (metal basis)), lithium nitrate (LiNO3), and 1,3-dioxolane were purchased from 
Alfa Aesar. Molecular sieves were added to the bulk solvents in order to eliminate any 
trace amounts of water. The sieves were also added to every electrolyte solution for the 
same purpose. 
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2.2 Materials Synthesis and Fabrication Techniques 
2.2.1 Electrospinning Solution Fabrication 
 Chloroform, polyaniline, and camphorsulfonic acid were mixed simultaneously in 
a vial and stirred at approximately 300 RPM for more than 6 hours. The polyaniline 
concentration in chloroform varied depending on the experiment; however, polyaniline 
and camphorsulfonic acid were always mixed in a 1:1.29 weight ratio in order to achieve 
full doping. After stirring for 6 hours, the solution was ultrasonicated for 15 minutes. 
Polyethylene oxide was added immediately after ultrasonication and the resulting 
solution was then stirred for another 6 hours. Finally, the solution was left to sit unstirred 
for at least 12 hours prior to electrospinning. For the solutions utilized in the alternative 
application (explained in Chapter 6), multi-walled carbon nanotubes were ultrasonicated 
in chloroform for 2 hours prior to the steps outlined above. After 2 hours of 
ultrasonication, the exact same steps detailed above were followed.  
 
2.2.2 Electrospinning Process 
 Both monoaxial and coaxial electrospinning were conducted in a controlled 
relative humidity environment to ensure that the relative humidity never surpassed 20%. 
The electrospinnability of polyaniline is highly dependent on relative humidity – at 
higher levels of relative humidity, the electrospun fibers protrude from the collector plate, 
which is not conducive to synthesizing a fiber mat. The NE-4000 model from New Era 
Pump Systems, Inc. was utilized as the syringe pump for both monoaxial and coaxial 
electrospinning. A BD 5 mL syringe with a luer-lock tip was used to contain both the 
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outer and inner solutions during electrospinning. Finally, an 18 gauge and 22 gauge 
needle from Hamilton was utilized for the outer and inner solutions, respectively.  
 
2.2.3 Fiber-Based Cathode 
 The two types of fiber cathodes utilized in this study were freestanding fibers and 
a fiber-based slurry. For the freestanding fibers, the coaxial fiber mat was simply 
manually pressed against an aluminum foil sheet. No further processing was done on the 
freestanding cathode. For the fiber-based slurry, the fiber mat was first manually broken 
up using forceps. The broken fiber pieces were then mixed with carbon black and PVDF 
in a vial. NMP was added and the slurry was magnetically stirred for 48 hours at 1150 
RPM. Several slurry compositions were tested, but the primary composition was 
80:10:10 coaxial fibers:carbon black:PVDF by weight. After 48 hours, the slurry was cast 
on aluminum foil using a doctor blade with a height of approximately 40 µm.  
 
2.2.4 Reference Cathode 
 The reference cathodes that were synthesized during this study possessed an 
elemental sulfur:carbon black:PVDF ratio of 60:30:10 by weight. The powders were 
mixed in a vial containing NMP; the resulting slurry was magnetically stirred for 48 
hours at 1150 RPM. The slurry was cast on aluminum foil using a doctor blade with a 
height of approximately 40 µm.  
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2.2.5 Coin Cell Assembly 
 A coin cell battery setup was utilized to test the cathodes. The CR2032 coin cells 
were assembled in a glove box under an inert argon atmosphere. The components of the 
coin cell were assembled in the following order from bottom to top: aluminum foil 
current collector coated with the cathode material, 100 µL of electrolyte, 2 Celgard 
separators, lithium foil anode, 2 0.5 mm-thick stainless steel spaces, and a stainless steel 
wave spring. Finally, the coin cell was crimped in the glove box to complete the 
assembly of the coin cell. 
 
2.3 Materials Characterization Techniques  
 Several materials characterization techniques were employed throughout this 
project in order to analyze the electrospun fibers and to observe the performance of 
batteries that utilized the fibers as the active cathode material. A Zeiss Supra 50VP 
scanning electron microscope (SEM) was used to obtain images of the electrospun fibers. 
An Oxford EDS attachment on the SEM was used to acquire a chemical map of the 
coaxial fibers. A JEOL JEM-2100 transmission electron microscope (TEM) was used to 
observe the morphology of the coaxial fibers. A Q50 thermogravimetric analyzer (TGA) 
from TA Instruments was employed to determine the sulfur composition of the coaxial 
fibers. A Gamry Interface 1000 instrument was used to obtain electrochemical impedance 
measurements (EIS) on the cathodes and to obtain charge-discharge and cyclic 
voltammetry data for electrospun fiber mats to determine their potential use in an 
alternative application. Finally, a Maccor Series 4000 32-channel battery system was 
used to charge and discharge the batteries over a given number of cycles.  
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Chapter 3: Monoaxial Electrospinning of Polyaniline 
  
 In order to obtain viable coaxial fibers, the outer solution must be sufficient for 
electrospinning since it drives the coaxial electrospinning process. To ensure an adequate 
outer solution, a monoaxial electrospinning study of polyaniline (denoted as PANI for the 
remainder of this paper) fibers was conducted first. Chloroform was chosen as the 
solvent, polyethylene oxide (PEO) was chosen as the additive polymer, and 
camphorsulfonic acid (HCSA) was chosen as the dopant for PANI because of the success 
other groups have demonstrated utilizing these materials for electrospinning PANI. The 
primary parameters that were altered throughout this monoaxial electrospinning study 
were the concentration of PANI relative to the entire solution, the molecular weight of 
PEO, and the volumetric flow rate of the polymer solution.  
  
3.1 Effect of Polyaniline Concentration 
 To begin the monoaxial electrospinning study, the effect of PANI concentration 
relative to the entire solution was analyzed. The PANI:PEO ratio was held constant at 
60:40, which was the highest possible ratio that resulted in smooth nanofibers according 
to Frontera et al. [39] Lower PANI:PEO ratios can also form smooth nanofibers, but the 
goal in this study was to form electrospun fibers with a minimal amount of PEO in the 
polymer blend since PEO is an insulating polymer. Literature sources that were cited in 
the introduction section have unanimously claimed that the lowest possible PANI 
solution concentration in chloroform that results in electrospun fibers is 0.67 wt%. Any 
solution with a lower PANI concentration does not possess a large enough viscosity to 
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form a stable drop at the spinneret tip during the electrospinning process. Experiments 
conducted during this study confirmed the previously stated notion – PANI solutions with 
a concentration lower than 0.67 wt% were not electrospinnable. The monoaxial 
electrospinning of 0.67 wt% PANI resulted in relatively smooth nanofibers; however, 
there was also some presence of clumps that were at least one micron in diameter. 
 To determine whether the clumps were a result of insufficient viscosity or if they 
stem from the low solubility of PANI, two other concentrations – 1.33 wt% and 2.00 wt% 
– were electrospun. SEM images comparing the resulting nanofibers from the 0.67 wt% 
and the 2.00 wt% solutions are displayed in Figure 18. The ratio of fibers to clumps 
decreased with increasing PANI concentration. This consequence signified that the 
primary source of the clumps stemmed from the low solubility of PANI in chloroform – 
an increase in PANI concentration had little effect on the viscosity of the solution but it 
increased the amount of polymer that was not fully dissolved in the solution. Because of 
this, 0.67 wt% was chosen as the concentration of PANI for the remaining studies.    
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Figure 18: SEM images of fibers electrospun with 0.67 wt% PANI (top) and 2.00 wt% PANI 
(bottom) 	  	  
3.2 Effect of Polyethylene Oxide Molecular Weight 
 Despite the relatively low density of clumps, PANI fibers electrospun from 0.67 
wt% in chloroform with a 60:40 PANI:PEO ratio still exhibited a significant problem – 
the fibers only spanned a few microns in length before breaking, as exhibited in Figure 
19. The considerable amount of fiber breakage would eventually be a problem in coaxial 
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fibers since it provides many outlets for sulfur to leak out from the physical encapsulation 
of the outer shell. A high density of broken fibers is usually attributed to a low solution 
viscosity as the jet is unable to remain stable. Since it has already been shown that 
increasing the PANI concentration does not result in an adequate increase in viscosity, 
the only change that could have been made to the polymer blend solution had to come 
from changing some property of the PEO portion.  
 
	  
Figure 19: SEM image demonstrating the high density of breakage in PANI fibers electrospun with 
600,000 g/mole PEO 
 
 Increasing the PEO:PANI ratio was an option, but several literature sources cited 
above demonstrated that electrical conductivity decreased by several orders of magnitude 
with an increasing PEO:PANI ratio. Since electrical conductivity of the outer shell should 
be as high as possible, increasing the PEO:PANI ratio was not explored. Rather, the 
molecular weight of PEO was changed from 600,000 g/mole to 8,000,000 g/mole (8M 
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g/mole). This increase of more than an order of magnitude in the molecular weight of 
PEO had several substantial ramifications. First, the large increase in viscosity associated 
with the high number of chain entanglements provided by 8M g/mole PEO allowed for 
the significant decrease of the PANI:PEO ratio. Smooth fibers with a ratio as low as 7:93 
PEO:PANI were able to be electrospun. The PEO:PANI ratio was so low because only a 
small amount of 8M PEO was necessary to provide a sufficient viscosity for 
electrospinning – only 12 mg of PEO (compared to 150 mg of PANI) was added to 22.2 g 
of chloroform. To the best of our knowledge, fibers with this low of a PEO:PANI ratio 
have yet to be electrospun by any other research group. Solutions fabricated with 600,000 
g/mole PEO and 8M g/mole PEO will be labeled PANI60 and PANI93, respectively, 
throughout the remainder of this document because of the relative concentrations of 
PANI in these polymer blends.  
 As mentioned, decreasing the amount of PEO by increasing the molecular weight 
of the polymer that was blended with PANI provides far-reaching benefits, both for this 
project and for a potential additional application that will be explored later in this thesis. 
The PANI93 fibers exhibited much less breakage and fewer clumps than the PANI60 
fibers, as demonstrated in Figure 20. In addition, reducing the concentration of PEO also 
mitigated the insulating effects of the blended polymer – PANI93 fibers possessed 
electrical conductivity that was more than two orders of magnitude greater than PANI60 
fibers (0.17 S/cm versus 0.001 S/cm). Finally, decreasing the total amount of material in 
the outer solution was beneficial for our coaxial electrospinning process, the details of 
which will be explored in the proceeding section.  
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Figure 20: SEM image of PANI93 fibers; the presence of clumps and beads is almost completely 
eradicated by increasing the molecular weight of PEO to 8M g/mole 
 
3.3 Effect of Volumetric Flow Rate 
 While the many benefits of utilizing a high molecular weight form of PEO as the 
blended polymer for electrospinning PANI have been outlined above, there was one 
potential drawback: the diameter of the electrospun fibers increased substantially, as 
shown in Figure 21. The average diameter of PANI60 fibers was 325 nm, even at 
relatively high flow rates (2.0 mL/hr, for instance). In contrast, PANI93 fibers that were 
electrospun at a similar flow rate (1.6 mL/hr) had an average diameter of approximately 
680 nm.  
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Figure 21: SEM images showing the increase in fiber diameter when going from 600,000 g/mole PEO 
(PANI60, top) to 8,000,000 g/mole (PANI93, bottom) 	  	  
 For the encapsulation of sulfur, the outer shell should be as thin as possible in 
order to allow for easy lithium-ion diffusion across the shell. Other researchers have 
shown that in some cases, flow rate and average diameter were directly proportional. The 
PANI60 fibers in this study had a sufficiently small diameter, so nothing was done to 
45 	  
attempt to reduce it further; however, it was thought that the average diameter of the 
PANI93 fibers might be too large to effectively encapsulate sulfur in the coaxial study. 
As a result, a linear regression analysis was conducted to determine whether reducing the 
flow rate could minimize the diameter of the fibers. The null hypothesis for this analysis 
was that there was no statistical effect between flow rate and fiber diameter. If the p-level 
was low enough (less than 0.05), the null hypothesis could be rejected and the data would 
suggest a strong correlation. 
 Monoaxial PANI93 fibers were electrospun at eight different randomly selected 
flow rates between 0.5 mL/hour (the minimum flow rate that produced a constant jet) and 
1.6 mL/hour. A plot exhibiting this data is provided in Figure 22. The p-level for this 
analysis was p=0.319, meaning that the null hypothesis could not be rejected and thus 
there was not enough evidence to claim that there was a statistically significant effect 
between flow rate and average fiber diameter. The lack of dependence of fiber diameter 
on flow rate means that at such a high molecular weight, the molecular weight was the 
dominating parameter of the electrospinning process. This is a similar conclusion to the 
one observed by Yordem et al. and presented in the introduction – applied voltage had a 
significant effect on fiber diameter except at very high polymer concentrations. [21]  
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Figure 22: Plot of average diameter versus flow rate; the p-value for the linear regression is 0.319, 
suggesting that there is no dependence between flow rate and average diameter 
 
  
3.4 Summary 
 After conducting and analyzing the experiments discussed above, several 
conclusions were made. First, the ideal PANI concentration for electrospinning was 
determined to be 0.67 wt% in chloroform. Any solution with a concentration lower than 
0.67 wt% did not possess an adequate viscosity for electrospinning. In addition, since 
PANI exhibits a low solubility in organic solvents, raising the concentration above 0.67 
wt% increased the presence of undissolved PANI clumps within the electrospun mat. It 
was also found that the molecular weight of PEO affected both the morphology and 
diameter of the electrospun fibers. Fibers electrospun with the lower molecular weight 
PEO (PANI60 fibers) had more than half the average diameter but also underwent more 
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breakage and contained more beads than fibers electrospun with higher molecular weight 
PEO (PANI93 fibers). Because there are benefits and drawbacks to both types of fibers, 
they were both explored as the potential outer solution for the encapsulation of sulfur by 
coaxial electrospinning, as discussed in the next section. Finally, when attempting to 
reduce the average diameter of the PANI93 fibers, it was found through a linear 
regression that there was no dependence between diameter and flow rate. 
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Chapter 4: Coaxial Electrospinning of Polyaniline/Sulfur Fibers 
  
 After the two different outer solutions were determined by analyzing the 
monoaxially electrospun fibers, coaxial electrospinning experiments were conducted. 
Because of the complicated nature of coaxial electrospinning, many parameters were 
altered throughout the study.  
 
4.1 Choosing a Solvent for the Inner Solution 
  The first step in obtaining a viable inner solution for coaxial electrospinning was 
determining a solvent. Sulfur has very limited solubility in most solvents, so in order to 
optimize the amount of sulfur loading in the coaxial fibers, the solvent that dissolves the 
most amount of sulfur would be utilized first. Ren et al. determined that toluene was the 
best solvent for sulfur compared to xylene, chlorobenzene, and cyclohexane. [43] We used 
that source as a starting point and compared the solubility of sulfur in toluene, cresol, 
xylene, and chloroform. We found that toluene could dissolve up to 2.0 wt% sulfur at 
room temperature without precipitating out any sulfur over 48 hours. Xylene and 
chloroform, the next-best solvents, were only able to dissolve approximately 1.1 wt% 
sulfur under the same conditions. Thus, toluene was chosen as the first inner solvent.  
 Although toluene dissolves the highest concentration of sulfur on a weight basis, 
the more important factor is the dissolution on a volumetric basis. The volume of the 
solutions is held constant throughout the electrospinning process – for instance, we 
utilized 5 mL of solution for each electrospinning experiment. Therefore, if two solvents 
possess vastly different densities, the volumetric dissolution would be different than the 
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weight-based dissolution. Toluene and xylene have the same density – 0.87 g/mL – and 
cresol has a density that is only slightly larger – 1.03 g/mL – so toluene is still a much 
better solvent than xylene and cresol on a volumetric basis. However, the density of 
chloroform – 1.48 g/mL – is much greater than that of toluene. Using the respective 
densities and the approximate solubility values mentioned above, toluene can dissolve 
about 87 mg of sulfur in 5 mL while chloroform can dissolve approximately 81 mg in the 
same volume. The volumetric dissolution of sulfur is only slightly greater in toluene than 
it is in chloroform and as a result, chloroform was chosen as the second inner solvent. A 
summary of the dissolution study of sulfur in four different solvents is presented in Table 
3. 
 
Table 3: Dissolution of sulfur in four different organic solvents 
Solvent Approximate Wt% Dissolution of Sulfur 
Density 
(g/mL) 
Dissolution of Sulfur 
(mg) per mL of Solvent 
Toluene 2.0 0.87  17.4  
Chloroform 1.1 1.48  16.2  
Xylene 1.1 0.87  9.6  
Cresol 1.0 1.03 10.4 
 
 
 
4.2 Coaxial Electrospinning with PANI60  
 Because the ideal coaxial fibers in this study would consist of a thin polyaniline 
shell, PANI60 was utilized first as the outer solution in coaxial electrospinning. Sulfur 
dissolved in toluene was used as the inner solution in order to theoretically obtain the 
maximum amount of sulfur loading in the fibers. Sulfur precipitated out of the toluene 
solutions that contained a concentration of sulfur in excess of approximately 1.7 wt%. 
This precipitation, which could possibly be the result of applying a high voltage to the 
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toluene solutions close to being saturated with sulfur, clogged the inner needle and 
prevented coaxial electrospinning from continuing. Therefore, the maximum 
concentration used in this study was 1.7 wt%. In addition, the outer solution required a 
relatively high flow rate – 1.5 mL/hr and greater – in order to maintain a stable jet. Since 
the sulfur loading should be maximized, the flow rate of the inner solution should have 
been as high as possible. It was found that the highest inner flow rate that resulted in a 
stable coaxial jet for this system was approximately two-thirds the value of the outer 
solution. Any higher relative inner flow rate resulted in an unstable jet that experienced 
visible spraying.  
 These fibers were analyzed using several materials characterization techniques in 
order to determine their viability for use as the active cathode material in a lithium-sulfur 
battery. First, SEM images of the fibers were obtained. High magnification images such 
as the one displayed in Figure 23 showed coaxial fibers with small diameters (in the 
range of 200-400 nm), which seemed promising; however, images at lower 
magnifications showed potentially significant problems with fibers electrospun using this 
coaxial system. As shown in Figure 24, the fiber mat contained a presence of large 
clumps, which most likely stemmed from the outer solution. In addition, sulfur crystals 
were dispersed throughout the mat. This suggested that the outer solution is not 
completely encapsulating the inner solution during electrospinning.  
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Figure 23: SEM image of coaxial fibers; reveals a promising fiber diameter 	  
	  	  
Figure 24: SEM image of a coaxial fiber mat showing the presence of clumps (green) and sulfur 
crystals (yellow), which indicates poor electrospinnability 
 
 After the SEM images were analyzed, it was hypothesized that the presence of 
sulfur crystals was most likely due to compatibility issues between the two solutions. 
TEM analysis was conducted to confirm the core-shell structure of the fibers and to 
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obtain an estimate of the core diameter. If the core diameter of the coaxial fibers was 
found to be relatively large, then the presence of sulfur crystals in the fiber mat could 
have just been attributed to small amounts of unobserved spraying during electrospinning 
and therefore would not have been a major issue. The TEM images, displayed in Figure 
25, did confirm a distinct core-shell structure; however, the core diameter was 
substantially smaller than that of the shell. This confirmed the initial hypothesis that the 
limited compatibility between the two solutions was not conducive to robust coaxial 
electrospinning.  
 
	  
Figure 25: TEM image showing the core-shell morphology of coaxial fibers; the core (bright segment 
of the fiber) is too small to be viable for use in a cathode 	  
 There are several potential reasons for the poor compatibility between the two 
solutions. The two solvents have different polarities – toluene (polarity index of 2.4) is 
much more nonpolar than chloroform (polarity index of 4.1). In addition, the viscosity of 
the outer solution was much greater than that of the inner solution since the only 
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substance dissolved in the inner solution was sulfur. Finally, the inner solution was not 
electrospinnable on its own at all since there was no polymer added to it. A combination 
of these three factors most likely resulted in such a small core diameter relative to the 
shell. Because sulfur is the only material taking part in the reaction at the cathode, the 
small core diameter would result in a large amount of dead weight in the cathode if these 
fibers were utilized. In addition, lithium ions would have to diffuse over a long distance 
in order to reach the sulfur. Both of these factors would reduce the capacity of the battery 
substantially. Thus, the small core diameter rendered the coaxial fibers that were 
electrospun using this system nonviable for use as a cathode. 
 The microscopy analysis described above eventually resulted in the elimination of 
the PANI60 outer solution and toluene inner solution as a potential coaxial system. 
However, it was still crucial to determine whether the sulfur loading of these fibers could 
be obtained experimentally because the rate at which a lithium-sulfur battery is 
discharged depends on the amount of sulfur present in the cathode. Therefore, the 
investigation of these samples using thermogravimetric analysis (TGA) still proved to be 
useful for the long-term goal of the project. First, pure sulfur powder and a PANI60 
monoaxially electrospun sample were measured separately using TGA at a constant ramp 
rate of 5 °C per minute in nitrogen. As displayed in Figure 26, there was significant 
overlap between the sulfur degradation peak and the primary PANI/PEO degradation 
peak between 200-250 °C. This overlap prevents the determination of the sulfur content 
in coaxial fibers using a constant ramp TGA since it would be impossible to determine 
which portion of the peak between 200 and 250 °C involves sulfur degradation.  
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Figure 26: Constant ramp (5 °C/min) TGA plot of pure sulfur powder and monoaxial PANI/PEO 
fibers 
 
 The only way to avoid this problem was to utilize auto stepwise isothermal TGA, 
which is a technique that allows for the deconvolution of overlapping peaks in a multi-
component sample. Auto stepwise TGA initially ramps the temperature of the sample at a 
constant rate. Once the instrument detects a decomposition event that surpasses a set 
threshold rate of weight loss, the sample is held under isothermal conditions. The 
isothermal conditions remain until the rate of weight loss becomes insignificant, at which 
point the temperature is ramped at the initial constant rate. This technique allows 
decomposition events to take place at a constant temperature and thus allows for 
successive decomposition events to be resolved. Auto stepwise isothermal TGA was 
therefore essential in the determination of sulfur content in the coaxial fibers fabricated 
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throughout this project. An auto stepwise isothermal TGA plot of the coaxial fibers 
electrospun using the lower molecular weight PEO outer solution and toluene inner 
solution system described above is presented in Figure 27. Clearly, the sulfur peak has 
been deconvoluted from the primary PANI/PEO peak since the monoaxial sample does 
not exhibit any sign of a peak around 160 °C, which is when sulfur starts to degrade in 
nitrogen.  
 
	  
Figure 27: Auto stepwise isothermal TGA plots of coaxial and monoaxial electrospun fibers 
 
 This TGA analysis fortified the notion that these coaxial fibers were not viable for 
use as the active cathode material – the sulfur loading in this sample is only 
approximately 30 wt%, which is relatively low. For reference, the lowest sulfur loading 
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for cathode materials in lithium-sulfur batteries found in the literature was 43.7 wt%. [11] 
However, proving that the sulfur loading could be determined via auto stepwise 
isothermal TGA was an important result for future, more viable coaxial samples. 
 
4.3 Coaxial Electrospinning with PANI93  
 After the results from the SEM, TEM, and TGA experiments described above 
were analyzed, several changes were made to the coaxial system. First, the large clumps 
in the coaxial samples indicated that the outer solution was not ideal, so PANI93 was 
utilized instead based on its electrospinnability improvement over PANI60 in the 
monoaxial study. In addition, the inner solvent was changed from toluene to chloroform. 
As demonstrated, chloroform dissolves only 7% less sulfur than toluene does on a 
volumetric basis because of the difference in the solvents’ densities. The minor reduction 
in sulfur concentration would be outweighed if the change in solvent resulted in a much 
more electrospinnable system. Besides increasing the compatibility between the two 
solvents, the inner solvent was switched to chloroform in order to allow for the addition 
of a small amount of 8M g/mole PEO to it – PEO is soluble in chloroform but insoluble 
in toluene. Many literature sources discussed in the introduction used a “carrier polymer” 
to enhance the electrospinnability of the inner solution during coaxial electrospinning. 
Although adding another component to the fibers would increase the amount of dead 
weight in the cathode, it was only necessary to add a very small amount of 8M g/mole 
PEO to substantially enhance the electrospinnability of the inner solution. The solution 
comprised 50 mg of sulfur and just 2.5 mg of 8M PEO for every 5 mL of chloroform. A 
carrier polymer could have been added to toluene, but since PEO is insoluble in the 
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solvent, a different polymer at a much higher concentration would have been required. 
This would have been impractical since the total weight percent of sulfur in the resulting 
coaxial fibers would have been too low.  
 The synergistic effects of the changes outlined above brought about a vast 
improvement in the electrospinnability of the system. As demonstrated in the SEM image 
provided in Figure 28, there were no noticeable clumps within the fiber mat or beads 
along the length of individual fibers. This was important for optimizing the performance 
of the eventual cathode – large clumps or beads along the fibers would reduce the 
battery’s performance by inhibiting access to sulfur and adding dead weight to the 
cathode.  
 
	  
Figure 28: SEM image of coaxial fibers electrospun after changing to PANI93 outer solution and 
chloroform inner solvent  	  	  
 Similar to the monoaxial fibers, using PANI93 as the outer solution increased the 
diameter of the coaxial fibers significantly (from 200-400 nm to 550-850 nm). The 
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substantial increase presented a potential problem: if the fibers still exhibited a core-shell 
structure, lithium-ions would have to diffuse through hundreds of nanometers of 
PANI/PEO in order to reach sulfur. In addition, the innermost sulfur in the core would 
not be adequately utilized if the large fibers possessed a core-shell structure. 
Consequently, TEM analysis was conducted on the fibers to observe their structure. As 
demonstrated in Figure 29, the two distinct phases that were observed in Figure 25 for the 
PANI60-based coaxial fibers were not present at all in the PANI93-based coaxial fibers. 
Rather, it seems as though the coaxial fibers electrospun with the PANI93 outer solution 
possessed only one phase comprising PANI, PEO, and sulfur all intermixed. 
 
	  
Figure 29: TEM image of coaxial fibers revealing a uniform, rather than core-shell, morphology  
 
 There are several consequences of this uniform structure compared to the core-
shell structure. The sulfur accessibility is likely much greater in the uniform structure 
since the lithium-ions would have to diffuse shorter distances to react with sulfur than 
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they would have to in the core-shell structure. This would theoretically improve the 
capacity of the battery. The one drawback to the structure exhibited by the PANI93-based 
coaxial fibers is that polysulfide intermediates would be able to escape from the fibers 
more easily since some of the sulfur is near the outermost part of the shell. However, as 
long as sulfur is still somewhat encapsulated by PANI, which is most likely the case, 
polysulfide shuttling should still be mitigated by the physical encapsulation. Therefore, 
the uniform structure might even be more beneficial than the initially desired core-shell 
structure since the sulfur accessibility is theoretically much greater for the uniform 
structure.  
 After the SEM and TEM images showed promising coaxial fiber morphology, the 
distribution of sulfur still had to be determined. Ideally, sulfur would be evenly 
distributed throughout the fibers – any agglomeration of sulfur would introduce the same 
problems of limited sulfur accessibility discussed above. Chemical mapping was 
conducted on these coaxial fiber mats using EDS. As displayed in Figure 30, the EDS 
chemical mapping indicated a uniform distribution of sulfur throughout the fibers – the 
chemical map of sulfur mirrors the SEM image of the fibers almost perfectly.  
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Figure 30: SEM image (top) and EDS chemical map (bottom) of PANI93-based coaxial fibers; the 
chemical map confirms that sulfur is evenly distributed throughout the fibers 	  
 Once it was determined that the coaxial fibers possessed a promising morphology, 
the final step in characterizing these fibers was to analyze the sulfur loading. Auto 
stepwise isothermal TGA was again employed in order to obtain the weight percent of 
sulfur in the coaxial fibers. Because of availability issues, these samples were run under 
argon rather than nitrogen, which accounts for the slight shift in the peaks; for instance, 
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the sulfur peak is now seen at approximately 190°C. Despite the peak shifts, a distinct 
sulfur peak was still obtained. As shown in Figure 31, the sulfur loading in fibers that 
were synthesized using a flow rate of 0.5 mL/hour for both the inner and outer solutions 
is approximately 45%. This sulfur loading is certainly viable for cathode use based on 
values cited in literature.  
 
	  
Figure 31: TGA of coaxial fibers showing improved sulfur loading of approximately 45% 
 
 Li et al. demonstrated that lower sulfur loading resulted in better battery 
performance because upon surpassing a certain threshold, the negative effect of the 
insulating nature of sulfur begins to outweigh the positive effect of having more active 
material in the cathode. [11] These authors found that cathodes made with 43.7 wt% sulfur 
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possessed a higher specific capacity than those made with 52.5 wt% and 62.2 wt% sulfur. 
Accordingly, the fibers synthesized in our study containing approximately 45 wt% sulfur 
were the fibers that were tested in batteries. However, a simple method to increase the 
sulfur loading in the coaxial fibers was explored in case it is determined in the future that 
a higher sulfur loading is necessary. As mentioned in the introduction to coaxial 
electrospinning, the core diameter of a coaxially electrospun fiber can be increased by 
simply increasing the flow rate of the inner solution. [32] Although our fibers do not 
possess a typical core-shell structure, it was believed that the sulfur loading could still be 
increased by increasing the inner flow rate. The effect of increasing the inner flow rate on 
fiber diameter for two different outer solution flow rates – 0.5 and 0.7 mL/hour – was 
analyzed. As shown in Table 4, the average diameter of the coaxial fibers did increase 
substantially with an increasing inner flow rate. This vast inflation in average diameter 
qualitatively suggests that the sulfur loading can be enhanced by increasing the inner 
flow rate. The quantitative sulfur loading of these fibers will be obtained via TGA in the 
future if it is eventually determined that 45 wt% sulfur loading is too low.  
	  
Table 4: Dependence of average fiber diameter on inner diameter flow rate 
Outer Flow Rate 
(mL/hour) 
Inner Flow Rate 
(mL/hour) 
Average Fiber Diameter 
(nm) 
0.5 0.5 620 
0.5 0.7 770 
0.7 0.7 910 
0.7 0.9 990 
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4.4 Summary 
 Toluene was chosen as the initial inner solvent for the coaxial electrospinning 
study because it is the best solvent for sulfur. Coaxial fiber mats electrospun using 
PANI60 as the outer solution and toluene as the inner solvent exhibited large polymer 
clumps and sulfur crystals, indicating poor electrospinnability of the system. In addition, 
although the fibers had a small diameter range and a distinct core-shell structure, the core 
diameter was far too small to be viable. When the outer solution was changed to PANI93 
and the inner solution was changed to chloroform, sulfur, and a small amount of 8M PEO 
as a carrier polymer, the system produced good coaxial fibers. Although these fibers did 
not exhibit the intended core-shell structure, the uniform structure might prove to be even 
more beneficial because more sulfur is theoretically accessible. EDS analysis of these 
fibers confirmed that sulfur was evenly distributed throughout the fibers, making them 
viable for use as the active material in a lithium-sulfur cathode. Finally, sulfur and 
PANI/PEO have overlapping peaks in a typical constant ramp TGA. Consequently, auto 
stepwise isothermal TGA proved crucial in experimentally determining the sulfur loading 
of the coaxial fibers. The viable coaxial fibers had a sulfur loading of approximately 45 
wt%. It was qualitatively shown that the sulfur loading of these fibers could potentially 
be enhanced by simply increasing the flow rate of the inner solution.  
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Chapter 5: Lithium-Sulfur Battery Fabrication and Testing 
  
 The final objective for this project involved building and testing a lithium-sulfur 
battery using the coaxial fibers as the active cathode material. There are two crucial 
considerations when using a new material as the active cathode material for a lithium-
sulfur battery. First, the electrolyte solution must be compatible with the active cathode 
material. For instance, if the PANI/PEO polymer blend dissolves in the electrolyte, sulfur 
will no longer be encapsulated and the performance of the cathode would noticeably 
degrade. The second step for fabricating the battery is to devise a method for synthesizing 
the cathode. The ultimate goal of this project was to simply coaxially electrospin the 
fibers and use the freestanding fiber mat, without doing any additional processing, as the 
cathode. However, while the electrical conductivity of PANI is high enough to provide a 
network for enhanced electron transport throughout the cathode, most research groups 
believe that it is not sufficient on its own to allow the lithium-sulfur reaction to occur. [10] 
Therefore, the coaxial fibers have been tested in both freestanding and fiber/carbon 
black/PVDF slurry forms to attempt to produce a viable lithium-sulfur cathode.  
 
5.1 Electrolyte Solution Compatibility Analysis 
 An electrolyte solution typically consists of two components: the solvent and the 
salt that ionizes when dissolved in the solvent. After extensively surveying the literature, 
the two electrolyte solvents most widely utilized in lithium-sulfur batteries were 
determined to be tetraethylene glycol dimethyl ether (TEGDME) and a 1:1 mixture of 
dimethoxyethane:1,3-dioxolane (DME:DOL). The two salts that are most commonly 
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used in both of these solvents are lithium bis(trifluoromethane)sulfonimide (LITFSI) and 
lithium trifluoromethanesulfonate (LICF3SO3). In addition, small concentrations of 
lithium nitrate (LiNO3) are usually added to the electrolyte solution. It has been 
determined that LiNO3 forms a passivating layer on the lithium anode, mitigating the 
effects of polysulfide shuttling in lithium-sulfur batteries. [44]  
 This study was limited to the electrolyte materials mentioned above since many 
other groups have achieved promising lithium-sulfur results using some combination of 
the two solvents and two salts. Before the cathode synthesis studies were started, the 
coaxial fibers were tested in the electrolyte solutions to determine whether there were 
compatibility issues. Coaxial fiber mats were submerged in both TEGDME/LITFSI and 
DME:DOL/LITFSI solutions. The SEM images of the mats, which were submerged for 
48 hours and dried under vacuum for 24 hours, are displayed in Figure 32. The SEM 
images suggested that the fibers swelled slightly in TEGDME but mostly remained intact; 
however, in DME:DOL, a significant portion of the fibers dissolve. Coaxial fiber samples 
were also submerged in TEGDME/LICF3SO3 and DME:DOL/LICF3SO3 just to confirm 
that the salt did not play a critical role in the solubility of PANI/PEO. These fibers 
exhibited the same characteristics as those submerged in the LITFSI-based solutions. 
Based on these results, TEGDME was chosen as the electrolyte solvent for the battery 
testing. 
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Figure 32: SEM images of coaxial fibers exposed to TEGDME (top) and DME:DOL (bottom) 
electrolyte solutions 
 
5.2 Cathode Synthesis Features 
 It has been demonstrated that the theoretical electrochemical performance of a 
battery is determined by the chemistry of the materials that the battery comprises. 
However, the performance can be severely diminished if the battery’s electrodes are 
manufactured inadequately. Typically, cathodes for lithium-sulfur batteries are 
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synthesized by making a slurry that consists of the active material as well as additional 
supporting components, which include an electrically conducting agent and a binder. The 
slurry is then deposited onto a metal current collector in what should be a layer of 
homogenous thickness. Any inhomogeneity in the thickness and distribution of the 
cathode can result in diminished electrochemical performance and “undesired local aging 
of the electrode.” [45] 
 To the best of out knowledge, every research group that has utilized a conducting 
polymer/sulfur composite as the active cathode material mixed the composite with 
conductive carbon, usually in the form of carbon black. The addition of carbon to the 
active cathode material is apparently necessary in order to achieve a matrix with an 
adequate electrical conductivity to allow for the lithium-sulfur reaction to take place.  The 
current consensus throughout the literature for incorporating PANI/sulfur composite 
materials into a cathode is to synthesize a slurry comprising the PANI/sulfur material, 
NMP as the solvent, carbon black powder as the high electrical conductivity material, and 
PVDF as a binder. The slurry must be relatively viscous in order to allow for adequate 
deposition onto the current collector and to prevent sedimentation of any of the 
components in the slurry. [45] NMP is typically used as the solvent for cathode slurries 
because it is a good solvent for PVDF, so only a small amount of PVDF is necessary to 
attain a sufficient viscosity.  
 As previously stated, the ultimate goal of this project was to synthesize coaxial 
fibers that could be subsequently used as the cathode material in a lithium-sulfur battery 
without having to utilize a slurry. The benefits of using a freestanding coaxial fiber mat 
as the cathode include a substantial reduction in required materials and processing time – 
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the slurries for typical lithium batteries are usually stirred for 24-48 hours and then have 
to dry for an additional 24 hours after being cast onto the current collector. Accordingly, 
both freestanding fibers and fiber-based slurries were studied during this project to 
explore the possibility of utilizing freestanding fibers as the sole cathode material.  
  
5.3 Battery Testing 
 A reference cathode was fabricated in order to obtain a performance baseline to 
which the fiber-based cathodes could be compared. The reference cathode was drawn 
from a slurry that comprised elemental sulfur powder, carbon black, and PVDF binder in 
a 60:30:10 ratio in NMP. Two different fiber-based cathodes were synthesized. One of 
the cathodes consisted simply of a freestanding coaxial fiber mat on an aluminum foil 
current collector while the other was cast from a slurry that consisted of coaxial fibers, 
carbon black, and PVDF in an 80:10:10 ratio in NMP.  
 Prior to running cycling tests on the battery, EIS measurements were obtained in 
an attempt to understand the electrochemical behavior of the three different electrodes. 
An overlay of the Nyquist plots obtained from these three measurements is provided in 
Figure 33. This plot reveals several crucial implications. Each of the three cathodes 
possessed a semi-circle in the high frequency regime, which corresponds to the charge 
transfer resistance of the cathode. The x-intercept of a line fitted to the semicircle is the 
estimated resistance value in a Nyquist plot. As shown in the plot, all three batteries 
possessed very similar charge transfer resistances, suggesting that the freestanding fibers 
possessed an adequate electrically conducting network and that the addition of carbon 
black might not be necessary to obtain good cycling performance.  
69 	  
	  
Figure 33: Nyquist plots of the reference cathode, freestanding fiber cathode, and fiber-based slurry 
cathode 
 
 Based on the promising impedance data discussed above, both the fiber slurry 
cathode and the freestanding fiber cathode were tested in a battery cycling instrument to 
determine whether the cathodes were effective in a lithium-sulfur battery. Despite the 
relatively low resistance exhibited by the freestanding fiber cathode, the battery 
fabricated with this cathode had an extremely low maximum discharge capacity (20 
mAh/g). To date, the reason for the poor performance of batteries fabricated using the 
freestanding fiber cathode is still being investigated. It is hypothesized that the reason 
involves manufacturing issues – either poor contact among fibers or between the fiber 
mat and the aluminum current collector. Because the freestanding fiber cathodes 
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possessed a comparable resistance to the fiber slurry cathode, the freestanding method is 
still being explored.  
 Meanwhile, the fiber-based slurry cathode performed relatively well compared to 
the reference cathode. The plot displayed in Figure 34 compares the discharge capacity 
over 100 cycles for a fiber-based slurry cathode sample and a reference cathode sample 
using TEGDME/LITFSI as the electrolyte solution. The battery fabricated with a 
reference cathode retained only 15% of the initial discharge capacity after 100 cycles, 
which is a consequence of polysulfide shuttling. In contrast, the battery utilizing the fiber 
slurry cathode retained approximately 45% of its initial discharge capacity. The greater 
capacity retention in the fiber slurry cathode can be attributed to the physical 
encapsulation of sulfur by polyaniline, which mitigated the effects of polysulfide 
shuttling. While the maximum discharge capacity for this battery was 280 mAh/g, other 
batteries fabricated using the fiber-based slurry as a cathode have achieved a maximum 
discharge capacity of approximately 350 mAh/g.  
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Figure 34: Battery cycling comparison between the reference cathode and fiber-based slurry cathode 
 
 Although the batteries in this study have outperformed the reference cathodes in 
capacity retention, they have not yet reached the performance demonstrated in literature. 
The obvious reason why the batteries in this study have yet to achieve performances 
shown in literature is that the cathode synthesis process has yet to be optimized. Since 
cathode slurries are almost exclusively made using NMP as the solvent, that is the 
method that has been followed to date. However, after casting some samples in this study 
it was found that although a portion of the coaxial fibers were dispersed in the solvent, a 
large portion of the fibers formed agglomerates. This is an obvious problem – the 
agglomerates were too large to be cast in the slurry layer and thus a large portion of 
sulfur was lost during the casting process. Since the battery performance is measured on a 
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per gram of sulfur basis, losing a large portion of sulfur during casting causes an 
overestimation of the amount of sulfur that is actually present in the cathode. For 
instance, if the estimated sulfur content of the cathode is 1 mg but the actual sulfur 
content is 0.5 mg, the reported discharge capacity would be half of the actual discharge 
capacity. Additionally, improving the dispersion of the fibers would enhance the actual 
performance of the battery on an absolute basis since agglomeration has been 
demonstrated to degrade battery performance. [45] 
 Methods for improving the fiber dispersion were – and continue to be – 
investigated. For instance, ultrasonication was employed in an attempt to enhance the 
dispersion of the fibers. The agglomerates were completely dispersed upon 
ultrasonicating the slurry for 45 minutes. However, after measuring the discharge 
capacity of both types of cathodes, it was found that the stirred slurry performed 
substantially better than the ultrasonicated slurry, as depicted in Figure 35. The 
ultrasonicated slurry possessed a capacity that was substantially lower than that of the 
stirred slurry. The poor performance of the ultrasonicated slurry suggested that 
ultrasonication doesn’t just break up the agglomerates, but it also dissolves the 
PANI/PEO portion of the fibers or destroys the fibers completely.  
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Figure 35: Battery cycling comparison between the fiber-based slurry cathode synthesized by stirring 
and ultrasonicating  
  
 Another method that was explored was dispersing the coaxial fibers in a different 
medium, drying the fibers, and then mixing them in an NMP-based slurry. It was found 
that the fibers readily dispersed in water; however, SEM analysis revealed potential 
issues with this medium. As shown in Figure 36, the fiber morphology is almost 
completely destroyed and sulfur escapes from the PANI/PEO coating to form large 
crystals when the coaxial fibers are dispersed in water. Other solvents are currently being 
investigated as potential dispersing media for the coaxial fibers prior to synthesizing the 
slurry.  
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Figure 36: SEM image of coaxial fibers dispersed in water and subsequently dried 
 
5.4 Summary 
 Cathodes fabricated with a freestanding coaxial fiber mat and a fiber-based slurry 
both exhibited similar charge transfer resistances to the reference cathode. Since the 
resistances of the freestanding fiber cathode and the fiber-based slurry cathode were so 
similar, it is believed that the coaxial fiber mat forms an adequate electrically conducting 
network. However, the freestanding fiber cathodes have yet to demonstrate viable charge-
discharge performance when tested in a lithium-sulfur battery. Since the conductivity 
does not seem to be an issue, it is most likely a contact issue between the fiber mat and 
the current collector. The fiber-based slurry cathodes exhibited a discharge capacity 
retention that was three times greater than that of the reference cathode. The vast 
improvement in capacity retention is attributed to the encapsulation of sulfur with the 
PANI/PEO portion of the coaxial fibers.  
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 Although the fiber-based slurry cathode performed much greater than the 
reference cathode, it has yet to achieve a comparable performance to the PANI/sulfur 
cathodes from literature. The coaxial fibers formed large agglomerates in NMP, which is 
the solvent that is universally used for cathode synthesis. These agglomerates reduce the 
reported discharge capacity in two ways: it causes the sulfur content to be overestimated, 
which is significant since capacity is reported on a per gram of sulfur basis, and it causes 
inhomogeneity in the cathode layer when it is cast on the current collector, which has 
been demonstrated to cause deterioration in performance. Once the cathode 
manufacturing process is optimized, either for the freestanding fibers or for the fiber-
based slurries, the electrochemical performance should increase substantially and will 
hopefully reach or even surpass performances cited in literature. 
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Chapter 6: Future Outlook – Alternative Application, Conclusions, and Future 
Work 
 
6.1 Alternative Application: Supercapacitor Electrode 
 The PANI93 fibers that were electrospun throughout this project are closer to pure 
PANI than any electrospun fibers mentioned in literature to date. Because of their high 
PANI purity, these fibers have exhibited the potential for use in other applications. The 
primary alternative application that has been explored is the use of monoaxially 
electrospun PANI fibers as the active material in a supercapacitor. Supercapacitors are 
energy storage devices that can deliver a higher power density and possess greater 
cycling stability than batteries. Electrically conducting polymers such as polyaniline are 
considered promising materials for supercapacitors because they can undergo redox 
reactions that deliver relatively high capacitance, a phenomenon known as pseudo-
capacitance. [46]  
   Chaudhari et al. have already tested electrospun PANI/PEO fibers as the active 
material in a supercapacitor. [42] A cyclic voltammogram of the electrospun fibers is 
provided in Figure 37. Peaks A and A’ in the figure represent the redox transition 
between the emeraldine and leucoemeraldine states of PANI. The authors reported the 
maximum specific capacitance value of 267 F/g at a discharge current density of 0.35 A/g 
in aqueous media. However, there are several areas for potential improvement on the 
work done by Chaudhari et al. regarding the utilization of electrospun PANI as a 
supercapacitor material. First, their work reported a polymer blend consisting of a 50:50 
PANI:PEO weight ratio. PEO is not an electroactive material, so the presence of such a 
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large amount of PEO inhibits optimal electrochemical performance. Moreover, the 
electrode fabrication process entailed slurry preparation whereby a binding agent (PVDF) 
and a conductive material (carbon black) were mixed with the electrospun PANI fibers. 
The slurry preparation process not only introduces additional electrochemically inactive 
material but it is also costly and likely to cause damage to the morphology of the 
electrospun fibers. It is believed that Chaudhari et al. employed a slurry for electrode 
fabrication, rather than utilizing a freestanding fiber mat, because the large amount of 
PEO present in the fibers renders the fiber mats unstable in aqueous media.  
 
	  
Figure 37: Current versus potential for a polyaniline fiber-based slurry [42] 	  	  
 Herein we report application of the monoaxially electrospun PANI93 nanofibers 
as electrode materials for supercapacitors. PANI93 fiber mats are applied directly as a 
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freestanding electrode material and thus the slurry preparation process is eliminated. 
Additionally, the high amount of PANI relative to PEO in the PANI93 fibers increases 
the amount of active material in the supercapacitor and potentially enhances the stability 
of the fiber mat in sulfuric acid, which was the aqueous electrolyte employed in this 
study.  
 Electrochemical testing of PANI93 was done using a three electrode set up where 
PANI93 was used as the working electrode, Ag/AgCl was used as the reference 
electrode, and platinum mesh was used as the counter electrode. Galvanostatic charge-
discharge and cyclic voltammetry (CV) experiments were carried out in 1 M H2SO4. For 
the charge-discharge experiments, a range of current densities between 0.5 A/g and 10 
A/g were tested. A specific capacitance of 303 F/g was obtained for a PANI93 
freestanding fiber mat at a 0.5 A/g discharge current density. Additionally, The CV 
curves for PANI93 exhibited the redox peaks indicative of the reversible charge-
discharge process suitable for application in supercapacitors. A cyclic voltammogram 
obtained at a 5 mV/s scan of a PANI93 fiber mat is displayed in Figure 38. This 
voltammogram reveals the same peaks labeled A and A’ in Figure 37, indicating that the 
PANI93 freestanding fiber mat successfully underwent the redox transition between the 
emeraldine and leucoemeraldine states. Finally, a large portion of the PANI93 fiber mat 
remained completely intact after the measurements were completed, suggesting that the 
fibers were relatively stable in sulfuric acid.  
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Figure 38: Cyclic voltammogram of PANI93 freestanding fibers obtained at 5 mV/s 
 
 To further improve the electrochemical performance of PANI93 electrospun 
fibers, carbon nanotubes were added to the PANI93 solution prior to electrospinning. 
Polyaniline/carbon nanotube (PANI/CNT) composites have been widely explored 
because the addition of carbon nanotubes to PANI has been demonstrated to improve the 
electrochemical properties and, in some cases, stability of pure PANI. [47] We added 
multi-walled carbon nanotubes (MWCNTs) to the PANI93 solutions prior to 
electrospinning, employing a total solution weight ratio of 80:14:6 PANI:MWCNT:PEO. 
An SEM image of the electrospun PANI80/MWCNT fibers is displayed in Figure 39. 
Although the PANI80/MWCNT electrospun fibers were not as smooth as the PANI93 
fibers, they still exhibited excellent fiber morphology and electrospinnability.  
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Figure 39: SEM image of PANI80/MWCNT monoaxially electrospun fibers 	  	  
 The same electrochemical measurements described above were conducted on 
freestanding PANI80/MWCNT electrospun fiber mats. The PANI80/MWCNT fibers 
possessed a specific capacitance of 371 F/g, which was a 22% improvement on the value 
provided by the pure PANI93 fibers. The improvement of specific capacitance with the 
addition of MWCNTs is thought to stem from the enhanced electron transport provided 
by the MWCNTs, especially when PANI is in the less conductive leucoemeraldine 
oxidation state. A comparison of the cyclic voltammograms of PANI93 and 
PANI80/MWCNT, provided in Figure 40, also confirms the superior electrochemical 
performance of the latter compared to the former. As shown, the peaks and the area under 
the curve are both greater for the PANI80/MWCNT sample. Furthermore, the 
PANI80/MWCNT samples exhibited strong electrochemical performance at a variety of 
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scan rates. As shown in Figure 41, the redox peaks were still very pronounced even at 
100 mV/s, which is a relatively high scan rate.  
 
	  
Figure 40: CV curves of PANI93 and PANI80/MWCNT freestanding fiber mats obtained at 20 mV/s 	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Figure 41: CV curves for PANI80/MWCNT samples at a variety of scan rates 	  	  
 Finally, a stability study was carried out using the PANI80/MWCNT sample. A 
Galvanostatic charge-discharge measurement was conducted on the same sample over 
1,000 consecutive cycles. As displayed in Figure 42, the PANI80/MWCNT sample 
possessed a specific capacitance retention of 81% over 1,000 cycles. The exceptional 
stability exhibited by the PANI80/MWCNT fibers has been attributed to the presence of 
MWCNTs inside the fibers, which enhances the mechanical strength of the fibers.  
 
83 	  
	  
Figure 42: Specific capacitance versus cycle number for a PANI80/MWCNT sample; reveals a 
capacitance retention of 81% over 1,000 cycles 
 
 Thus, it has been demonstrated that PANI93 electrospun fibers are promising for 
use as an electrode in a supercapacitor. The addition of MWCNTs to the PANI93 
solution prior to electrospinning resulted in a vast improvement in the specific 
capacitance of the electrospun fibers. In addition, the PANI80/MWCNT electrospun 
fibers retained 81% of their initial specific capacitance over 1,000 cycles, which shows 
that the PANI80/MWCNT electrospun fibers possess outstanding stability.  
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6.2 Conclusions 
 The primary objective of this project was to synthesize coaxially electrospun 
fibers for use as the active material in a lithium-sulfur cathode. Several crucial 
realizations – both for the specific primary objective as well as for polyaniline research in 
general – were made throughout the course of the project. First, it was found that utilizing 
an extremely high molecular weight form of PEO (8 million g/mole) allowed fibers with 
the highest PANI:PEO ratio (93:7) to date to be electrospun. This was a major 
accomplishment of the project in itself since polyaniline is so difficult to process, which 
is a consequence of its rigid chemical structure and limited solubility in organic solvents. 
These fibers also exhibited much less breakage and fewer, smaller clumps compared to 
the fibers electrospun using lower molecular weight forms of PEO that are typically cited 
in literature. The successful electrospinning of 93:7 PANI:PEO fibers could have 
implications for a wide variety of other applications – for instance, the Kalra group is 
already exploring the use of these fibers, in freestanding form, for a supercapacitor based 
on very promising charge-discharge and cyclic voltammetry data. These electrospun 
fibers might also be useful in other applications requiring an organic material with high 
electrical conductivity and good stability in aqueous media. Further studies on the 
electrospinning of 93:7 PANI:PEO fibers revealed that the solution flow rate has no 
effect on the diameter of the fibers. This suggested that the molecular weight of PEO is 
the dominating factor regarding the diameter of electrospun fibers – the average fiber 
diameter increased by more than double when the molecular weight of PEO was changed 
from 600,000 g/mole to 8 million g/mole. 
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 The coaxial electrospinning study began after determining the effect of PEO 
molecular weight on PANI electrospun fibers. Fibers electrospun with the lower 
molecular weight PEO solution as the outer solution and toluene as the inner solvent 
exhibited a core-shell structure, which was the initial goal of the project. However, the 
core diameter of these fibers was extremely small and the fiber mat contained a high 
density of clumps, rendering this coaxial system ineffective in producing a potential 
cathode material. Changing the molecular weight of PEO in the outer solution from 
600,000 g/mole to 8 million g/mole and changing the inner solvent from toluene to 
chloroform resulted in profound changes in the electrospinnability and morphology of the 
coaxial fibers. The morphology of the fibers went from core-shell to uniform. For fibers 
with such a large diameter, the uniform morphology is most likely more conducive to 
enhanced sulfur accessibility since lithium ions don’t have to diffuse through an entire 
PANI/PEO shell just to reach the outermost portion of the sulfur core. EDS chemical 
mapping confirmed that sulfur was uniformly distributed throughout the fibers rather than 
being present in agglomerates within the fibers. In addition, the presence of both clumps 
in the fiber mats and beads along the length of the fibers that were electrospun using 
PANI93 as the outer solution and chloroform as the inner solvent were essentially 
negligible. This important aspect is attributed to the enhanced compatibility between the 
two solutions after changing the inner solvent from toluene to chloroform and adding a 
small amount of 8M g/mole PEO to the inner solution. The lack of clumps and presence 
of smooth coaxial fibers that encapsulate sulfur in a uniformly distributed manner made 
these fibers viable for use as a lithium-sulfur cathode material.  
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 Electrochemical tests were conducted on several different types of cathodes, 
including a reference cathode made of sulfur powder, conductive carbon black, and 
PVDF; a freestanding fiber mat; and a slurry made by mixing carbon black and PVDF 
with the coaxial fibers in NMP. Impedance measurements revealed that the charge 
transfer resistances of all three cathodes were very similar. This implied that the PANI 
coating does in fact provide a sufficient electrically conducting network that improves the 
conductivity of the cathode. In addition, the similarity in resistance between the 
freestanding fiber mat cathode and the fiber-based slurry cathode suggested that the 
formation of a slurry might not be necessary in order to fabricate a viable lithium-sulfur 
battery. However, the freestanding fiber cathodes have not yet exhibited any significant 
discharge capacity to date, which is most likely an issue with contact between the fiber 
mat and the aluminum current collector. The fiber-based slurry cathode, meanwhile, 
possessed a capacity retention that was three times greater than that of the reference 
cathode.  
 
6.3 Future Work 
 Although the capacity values of the fiber-based cathodes have yet to reach those 
cited in literature, there are reasons to believe that the performance of batteries made with 
these cathodes will inevitably increase and could potentially reach or even surpass the 
performances from literature. The coaxial fibers do not disperse well in NMP. The fiber 
agglomerates are so large that they cannot be cast with the remainder of the slurry. This 
causes a large amount of sulfur to be lost from the slurry, resulting in an overestimation 
of the actual sulfur content in addition to inhomogeneity in the cast layer. Both of these 
87 	  
consequences degrade the performance of the battery substantially. The methods that 
were employed in an attempt to improve the dispersion of the fibers – ultrasonicating the 
fiber-based slurry and dispersing the fibers first in water – have proven to be ineffective. 
Thus, the primary obstacle to overcome in the near future is to disperse the coaxial fibers 
in an effective manner. Once the cathode manufacturing process is optimized, different 
electrolyte solutions can be tested with the fiber-based cathodes to determine the ideal 
system.   
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